Introduction
The current major goal for human embryonic stem cell (hESC) research is the controlled differentiation into specific progenitor cells for the purpose of replacing or regenerating damaged tissue. Therefore, the ability to obtain large quantities of multipotent cells from hESCs represents a challenge for cell-based therapy and tissue engineering strategies that currently rely on human bone marrow stromal cells (hBMSCs). Within the diverse population of hBMSCs, there exist early progenitor mesenchymal stem cells capable of self-renewal and multilineage differentiation into cell types such as osteoblasts, chondrocytes and adipocytes [Bianco et al., 2003; Wagers and Weissman, 2004] . While hBMSCs make a useful source of osteoprogenitor cells for tissue engineering strategies, they have limited proliferation and differentiation capacity. On the other hand, hESCs, which are able to proliferate indefinitely in vitro, represent a potentially unlimited source of osteoprogenitor cells.methods, and the generation of osteoblasts has been achieved in the presence of known osteogenic supplements and coculture with primary bone-derived cells [Sotille et al., 2003; Cao et al., 2005; Ahn et al., 2006; Karp et al., 2006; Olivier et al., 2006; Duplomb, 2007; Lian et al., 2007; Tong et al., 2007] . However, the identification and characterization of a pure osteoprogenitor cell population has yet to be achieved. Osteoprogenitor cells derived from hESCs have tremendous potential, as they can serve as a tool through which one cannot only characterize early bone development and cellular behavior on bone-related biomaterials, but also have application in regenerative medicine.
Therefore, the goal of this study was to derive progenitor cells from hESCs that can undergo differentiation along mesenchymal lineages. These cells are known as hESC-derived mesenchymal stem cells (hES-MSCs). We generated hES-MSCs and relied on functional and morphological criteria to identify them. The criteria included growth on tissue culture plastic, expression of characteristic mesenchymal stem cell surface markers and the ability to undergo multilineage differentiation. Moreover, we were able to transduce the derived hES-MSCs with bonespecific lentivirus Col2.3-GFP in order to track cells undergoing osteoblast differentiation. By isolating hESMSCs, we have the ability to produce a large supply of osteoprogenitor cells that can be genetically modified and used for tissue engineering strategies.
Materials and Methods

hESC Culture
The BG01 cell line was obtained from Bresagen Inc. (Atlanta, Ga., USA) and cultured on irradiated mouse embryonic fibroblast feeder layers at a density of 4 ! 10 5 cells/plate (0.1% gelatin coated, 60 mm). The hESC culture medium consisted of 80% (v/v) DMEM/ F12, 20% (v/v) knockout serum replacement, 200 m M L -glutamine, 10 m M nonessential amino acids (all obtained from Invitrogen, Carlsbad, Calif., USA), 14.3 M ␤ -mercaptoethanol (Sigma, St. Louis, Mo., USA) and 4 ng/ml bFGF (Invitrogen). Cell cultures were incubated at 37 ° C in 5% CO 2 in air and 95% humidity with medium changes everyday and manually passaged once per week .
Derivation of hES-MSCs
To induce mesenchymal differentiation, embryoid bodies were formed and cultured in suspension for 7 days with hESC growth medium in low-attachment culture dishes. Then, approximately 70 embryoid bodies/well were plated onto 0.1% gelatin-coated 6-well plates in the presence of hBMSC growth medium ( ␣ -MEM, 10% FBS, 200 m M L -glutamine and 10 m M nonessential) and 4 ng/ ml bFGF. The outgrowth cells were cultured for up to 2 weeks to reach confluence, then trypsinized and passaged in a ratio of 1: 3. Cells were continually passaged into T-75 flasks until a homogeneous fibroblastic morphology appeared. Differentiation into osteoblasts and adipocytes was performed as previously described, and von Kossa, alizarin red and oil red O staining was performed according to standard protocols [Barberi et al., 2005] .
Col2.3-GFP Lentiviral Infection
The Col2.3-GFP lentivirus was a kind gift from Dr. Peng Liu (Aastrom Bioscience Inc., Ann Arbor, Mich., USA). Initially, cells were seeded onto 6-well plates at 10,000 cells/cm 2 . The following day, cells were transduced with 0.5 ml of Col2.3-GFP lentivirus along with 5 g/ml polybrene for 4 h with shaking. Then, complete growth medium was added and cells were further cultured overnight. Approximately 18-24 h later, the medium was aspirated and either control growth medium or osteogenic medium was added. The cells were then cultured for 28 days.
Immunohistochemistry
Immunofluorescent staining for mesenchymal stem cell surface markers was performed on the hES-MSCs. After cells were fixed for 30 min with 4% paraformaldehyde, they were permeabilized for 10 min with 10% (v/v) Triton X-100 in PBS, then washed twice with a serum wash containing 1% (v/v) sodium azide, followed by a blocking step containing 0.5% (v/v) Triton X-100 and 1% (v/v) sodium azide for 30 min at room temperature. Dilution buffer containing 2 g/ml polyclonal rabbit anti-human CD45 and CD73, and monoclonal mouse anti-human STRO-1 (Santa Cruz Biotechnology, Santa Cruz, Calif., USA) were added and incubated at 4 ° C overnight. Following incubation, the cells were rinsed twice with serum wash and incubated in the dark with 8 g/ml FITC-labeled and Texas red-labeled secondary antibodies for 30 min and counterstained with DAPI. Cells were then washed with PBS and fluorescence was observed using a Nikon Eclipse TE3000.
Results
To confirm that our differentiation protocol into mesenchymal progenitor cells from hESCs was efficient, the expression of surface antigens similar to adult mesenchymal stem cells was evaluated. Immunofluorescent staining on hES-MSCs demonstrated that cells were positive for CD73 and STRO-1, and negative for the hematopoietic marker CD45 ( fig. 1 ) .
To verify that the derived hES-MSCs can undergo differentiation along mesenchymal lineages, osteogenic and adipogenic differentiation were performed according to standard differentiation protocols previously described [Barberi et al., 2005] . Differentiation of hES-MSCs towards functional osteoblasts was achieved after being cultured in osteogenic medium for 4 weeks ( fig. 2 a) . Tissue mineralization was demonstrated by von Kossa and alizarin red assays. Moreover, RT-PCR analysis showed the expression of bone-specific transcription factor Runx2 and the extracellular matrix protein osteocalcin (OCN) mRNA, compared to control cells cultured in growth medium without osteogenic supplements. Both genes are upregulated in mature osteoblasts.
Differentiation of hES-MSCs towards functional adipocytes was achieved after being cultured in adipogenic medium for 4 weeks ( fig. 2 b) . Positive oil red O staining confirmed the presence of lipid droplets, and PPAR-␥ gene expression validated the induction of adipogenesis, compared to control hES-MSCs cultured without supplements.
The ability to genetically modify hESC-MSCs would be quite useful in future tissue regeneration therapies. hES-MSCs were transduced with the lineage-specific transgene Col2.3-GFP, which is activated as cells differentiate into osteoblasts [Krebsbach et al., 1993] . After viral transfection, hES-MSC were cultured with either normal growth media or osteogenic media over a 28-day time period. In control groups where Col2.3-GFP-transduced hES-MSCs were cultured with normal growth media, no GFP expression was noticed. Meanwhile, a gradual increase in GFP expression was observed during the time course of osteogenic differentiation, as cells progressed towards a mature osteoblast phenotype ( fig. 3 ).
Discussion
hESC research is a rapidly developing field, and has the potential to impact the medical and scientific community immensely. In general, stem cell research advances the knowledge about how an organism develops and how progenitor cells migrate from the stem cell niche to the site of damaged or diseased tissue. It is vitally important that we begin to explore hESC biology in order to realize the potential of hESCs to cure diseases [Thomson et al., 1998 ]. Currently, there are major gaps in our knowledge about the growth factors and three-dimensional milieu that influence and direct osteoblast differentiation. The generation of osteoblasts from hESCs has been shown to be successful, as evidenced by osteogenic gene expression of Runx2, bone-specific alkaline phosphatase, and OCN, mineralization confirmed by von Kossa and alizarin red staining, and bone nodule formation [Duplomb, 2007] . One of the first differentiation studies cultured hESCs in the presence of defined osteogenic supplements for 21 days, and was able to demonstrate mineralization and induction of osteoblastic marker expression [Sotille et al., 2003] . hESCs have been cocultured with primary bone-derived cells to induce osteoblast differentiation without the addition of exogenous factors, and cultured in vitro in the presence of known osteogenic factors without the embryoid body formation step -both studies confirming that hESCs have the capacity to differentiate into osteoblasts [Ahn et al., 2006; Karp et al., 2006] . The osteogenic lineages derived from hESCs have tremendous potential and serve as a tool through which we can characterize early bone development and cellular behavior on bone-related biomaterials.
Mineralization assays, RT-PCR analysis and immunofluorescent staining demonstrated that according to our protocol we derived a mesenchymal stem cell population from hESCs. Characterizing the hES-MSCs via immunofluorescent staining demonstrated the expression of cell surface markers that are characteristic of mesenchymal stem cells. The positive expression of CD73 and STRO-1, as well as the lack of expression of CD45 show that the cells possess a similar surface antigen expression profile as hBMSCs. Studies have identified the STRO-1+ fraction of adult hBMSCs as osteogenic precursors, suggesting that we can further isolate osteoprogenitor cells from the derived hES-MSC population [Gronthos et al., 1994 [Gronthos et al., , 1999 Stewart et al., 1999] .
Functional differentiation results demonstrated the potential of derived hES-MSCs to become osteoblasts and adipocytes. The osteogenic and adipogenic response of hES-MSCs is similar to that of hBMSCs in osteogenic and adipogenic medium [Pittenger et al., 1996] . Von Kossa and alizarin red staining revealed the hES-MSCs formed mineralized bone nodules in culture, and the ex- pression of bone-specific transcription factor Runx2 and extracellular matrix protein OCN suggests the presence of mature osteoblasts. Oil red O staining revealed the ability of hES-MSCs to differentiate into phenotypically mature adipocyte cells with cytoplasmic lipid droplets. Additionally, the expression of PPAR-␥ further confirmed differentiation into adipocytes. In order to track and isolate cells as they undergo differentiation, gene delivery is a useful tool that can be used. The proposed transgene construct is an osteogenic lineage-specific Col2.3-GFP lentivirus, which has been a useful tool for studying hBMSC differentiation [Kalajzic et al., 2002 [Kalajzic et al., , 2005 . Therefore, we used the Col2.3-GFP transgene to study hES-MSC differentiation along an osteoblast lineage. When the hES-MSCs began as pre-osteoblasts there was low GFP expression, however, there was an increase in GFP expression after 28 days of culture in osteogenic medium, suggesting that hES-MSCs differentiated into mature osteoblasts. The ability to track differentiation allows us to isolate osteoprogenitor cells from the derived hES-MSC population.
In summary, although hBMSCs make a useful source of osteoprogenitor cells for tissue engineering strategies, their limited proliferation and differentiation capacity represents an obstacle for therapeutic application. On the other hand, hESCs with their ability to proliferate indefinitely in vitro and multilineage differentiation capacity represent an unlimited source of osteoprogenitor cells. Here we present a protocol for the derivation, identification and isolation of hES-MSCs with osteogenic capacity, which gives us the ability to produce large quantities of genotypically homogenous progenitor cells that can be modified for tissue regeneration strategies.
